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Introduction {#sec005}
============

Osteosarcoma is a primary malignant bone tumor with high morbidity in children and young adults, accounting for approximately 60% of malignant bone tumors in the first 2 decades of life\[[@pone.0121175.ref001]--[@pone.0121175.ref003]\]. The 5-year survival rate of the patients with osteosarcoma has significantly improved over the past decades to approximately 60--70% since the introduction of wide tumor excision, adjuvant chemotherapy and radiotherapy\[[@pone.0121175.ref004], [@pone.0121175.ref005]\]. However, a high proportion of osteosarcoma patients still respond poorly to chemotherapy, and they have a great risk of distant metastasis or local relapse even after curative resection of the primary tumor and adjuvant chemotherapy or radiotherapy\[[@pone.0121175.ref006], [@pone.0121175.ref007]\]. Therefore, discovery of new therapeutic targets and approaches is one of the most important challenges in the management of osteosarcoma.

MicroRNA (miRNA) belongs to small non-coding RNA molecules that contain about 22 nucleotides\[[@pone.0121175.ref008], [@pone.0121175.ref009]\]. MiRNAs regulate gene expression by binding to complementary sites in their 3'-UTR, resulting in translational repression or gene silencing\[[@pone.0121175.ref010], [@pone.0121175.ref011]\]. At present, approximately 450 miRNAs have been cloned in mammalian cells, and it is believed that up to 1,000 miRNAs genes exist\[[@pone.0121175.ref012]\]. Aberrant expression of miRNAs occurs in many types of cancers and plays significant roles by regulating the expression of various tumor suppressors and oncogenes\[[@pone.0121175.ref013]--[@pone.0121175.ref015]\]. MiRNAs have been suggested to be associated with the proliferation, differentiation, apoptosis and invasion of tumor cells \[[@pone.0121175.ref016]--[@pone.0121175.ref019]\]. However, the role of miRNAs in osteosarcoma development has only recently been investigated and still remains largely ambiguous.

Here, we wondered whether miR-182 was involved in the pathogenesis of osteosarcoma. Our aim is to identify the role of miR-182 in osteosarcoma cells growth, migration and invasion, and the target gene of miR-182.

Materials and Methods {#sec006}
=====================

Ethics statement {#sec007}
----------------

All of the patients (or patients' parents on behalf of the children) agreed to participate in the study and gave written informed consent. Both this study and consent were approved by the Ethics Committee of The Second Xiangya Hospital of Central South University and complied with the Declaration of Helsinki.

Osteosarcoma tissues {#sec008}
--------------------

Fifty paired tissue specimens of osteosarcoma and matched normal tissues were obtained from Department of Orthopedics in The Second Xiangya Hospital of Central South University. The matched normal tissues were further confirmed by pathologist for their normal origin that they do not have tumor cells. All the tissues were obtained at the time of surgery and immediately stored in liquid nitrogen until use. Overall survival was measured from the time at which the tissue was obtained to the date of death from any cause or date of last follow-up. All of the patients were anonymised. The Institute Research Medical Ethics Committee of The Second Xiangya Hospital of Central South University granted approval for this study.

Cell lines and cell culture {#sec009}
---------------------------

The following human cell lines were used in this study: MG-63 (14 years old, male), U2OS (15 years old, female), SOSP-9607(17 years old, male), SAOS-2 (11 years old, female) and hFOB. These cell lines were purchased from the Cell Resource Center of the Institute of Basic Medical Sciences at the Chinese Academy of Medical Sciences and the Peking Union Medical College (Beijing, China) and were propagated in Dulbecco's modified Eagle's medium (Gibco; Invitrogen; Life Technologies, Germany) that was supplemented with 10% fetal bovine serum (GIBCO, NY, USA), streptomycin (100 μg/ml), and penicillin (100 U/ml).

Cell transfection {#sec010}
-----------------

The miR-182 mimics, inhibitor and their controls were purchased from GenePharma (Shanghai, China). MG63 cells were infected into the cells with a final oligonucleotide concentration of 20 nmol/L. All of the cell transfections were performed with DharmaFECT1 reagent (Dharmacon, TX, USA), according to the manufacturer's instructions.

Cell proliferation assay {#sec011}
------------------------

Cells were plated in 96-well plates at 1× 10^4^ per well in a final volume of 100 μL, and cultured for 1--4 days after transfection. Cells were incubated in 10% CCK-8 (Dojindo; Kumamoto, Japan) that was diluted in normal culture medium at 37°C until the visual color conversion occurred. After incubating, the absorbance at 450 nm was measured by an enzyme-linked immunosorbent assay plate reader.

Cell migration and invasion assays {#sec012}
----------------------------------

A wound-healing assay was done to assess cell migration. An artificial wound was created 24 h after transfection using a 200-ll pipette tip on the confluent cell monolayer, and mitomyclin C was added to the culture wells. To visualize migrated cells and wound healing, images were taken at 0h and 48h. For invasion assays, 1×10^5^ cells were plated in the top chamber of the insert precoated with Matrigel (BD Bioscience). Cells were plated in medium without serum, and medium supplemented with 10% FBS was used as a chemoattractant in the lower chamber. The cells were incubated for 48 h and cells that migrated to the underside of the membrane. The cells that were located on the lower surface of the chamber were stained with 0.1% crystal violet (Sigma) and were then counted.

Luciferase assay {#sec013}
----------------

Mutant (Mut) constructs were generated by mutating the seed region of the miR-182 binding site. miR-182 expressing or control cells were cultured in 24-well plates, and transfected with 100 ng luciferase reporter plasmid and 5 ng pRL-TK vector expressing the Renilla luciferase (Promega, Madison, WI, USA) using Lipofectamine 2000 reagent (Invitrogen). After 48 h, cells were harvested, lysed and luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol. Renilla luciferase was used for normalization.

RNA extraction and RT-PCR {#sec014}
-------------------------

We extracted total RNA with the miRNeasy RNA isolation kit (Qiagen). Purified RNA was reverse transcribed with the iScript cDNA Synthesis Kit (Bio-Rad). RT-PCR was performed with TaqMan probes for both genes and miRNAs (Applied Biosystems). PCR was performed at 95°C for 10 min, followed by 40 cycles of 95°C for 10s and 60°C for 1 min. The relative expression ratio of miR-182 in tissues and cells was quantified by the 2-ΔΔCT method. All miRNA data were normalized to the internal control small RNAs U6. For the mRNA samples, GAPDH was used as an internal control.

Western blot analysis {#sec015}
---------------------

Total cell lysates were prepared using RIPA buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris---HCl pH 7.4, 1% Triton X-100, 0.5% deoxycholic acid, 0.1% SDS) and the protein concentration was measured by BCA method. Equal amounts of proteins were separated by 10% SDS-PAGE and blotted to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% non-fat milk powder at room temperature for 2 h, then incubated with specific antibody for TIMA1 or GAPHD (Abcam, England) at 4°C followed by incubation with secondary antibody (zsgb-bio, Beijing, China) for 1 h at room temperature. The membranes were developed using ECL kit (Pierce, Rockford, IL, USA) and exposed to X-ray film to visualize the images.

Statistical analysis {#sec016}
--------------------

Statistical analysis was performed using SPSS 17.0 software (SPSS, USA). Data were expressed as the mean ± SD from at least three separate experiments. Differences between groups were analyzed using Student's t test and the χ2 test. P \< 0.05 was considered statistically significant. Multivariate survival analyses were performed using Cox regression models. We estimated hazard ratios (HRs), 95% CI and p values.

Result {#sec017}
======

MiR-182 was down-regulated in osteosarcoma cell lines and tissues {#sec018}
-----------------------------------------------------------------

MiR-182 expression in osteosarcoma cell lines was assayed by qRT-PCR. A lower expression of miR-182 was observed in osteosarcoma cell lines (U2OS, MG-63, SOSP-9607, and SAOS-2), as comparing with human osteoblast cell lines (hFOB) ([Fig 1A](#pone.0121175.g001){ref-type="fig"}). MiR-182 level in osteosarcoma tissues and corresponding adjacent normal tissues were also assayed by qRT-PCR. Our results demonstrated that miR-182 was significantly down-regulated in osteosarcoma tissues ([Fig 1B](#pone.0121175.g001){ref-type="fig"}). The level of miR-182 was lower in osteosarcoma tissue than in normal tissues in the 40 pairs ([Fig 1C](#pone.0121175.g001){ref-type="fig"}). In addition, loss of miR-182 levels in patients with osteosarcoma was associated with considerably shortened disease-free survival (hazards ratio = 3.22, [Fig 1D](#pone.0121175.g001){ref-type="fig"}).

![miR-182 was down-regulated in osteosarcoma cell lines and tissues.\
(A) The expression levels of miR-182 were measured by qRT-PCR in osteosarcoma cell lines (U2OS, MG-63, SOSP-9607, and SAOS-2) and human normal osteoblastic cell line (hFOB). The expression of miR-182 was down-regulated in osteosarcoma cell lines. (B) Relative expression of miR-182 in 40 primary osteosarcoma tissues compared with their pair-matched nontumor tissues. Data are shown as log2 of relative ratio change of osteosarcoma tissues relative to normal tissues. (C) The expression of miR-182 in the human osteosarcoma tissues was lower than that in non-tumor adjacent tissues. (D) Loss of miR-182 levels in patients with osteosarcoma was associated with associated with considerably shortened disease-free survival. All data were normalized by U6 snRNA. \*\*\*p\<0.001.](pone.0121175.g001){#pone.0121175.g001}

Overexpression of miR-182 inhibited tumor growth {#sec019}
------------------------------------------------

After 48h transfection, MG-63 that transfected with miR-182 mimic showed higher expression of miR-182 ([Fig 2A](#pone.0121175.g002){ref-type="fig"}), while MG-63 that transfected with miR-182 inhibitor showed lower miR-182 expression ([Fig 2B](#pone.0121175.g002){ref-type="fig"}). Then, we assayed cell proliferation of these cell line using CCK8. We found that overexpression of miR-182 inhibited MG-63 cells proliferation ([Fig 2C](#pone.0121175.g002){ref-type="fig"}) and inhibition of miR-182 promoted MG-63 cells proliferation ([Fig 2D](#pone.0121175.g002){ref-type="fig"}). Thus our data indicated that overexpression of miR-182 inhibited osteosarcoma cells growth.

![Overexpression of miR-182 inhibited tumor growth.\
(A) The miR-182 expression level of the indicated cells was measured by qRT-PCR. The expression of miR-182 was normalized to U6 snRNA. (B) The expression level of miR-182 in the indicated cells was measured by qRT-PCR. The expression of miR-182 was normalized to U6 snRNA. (C) Cell proliferation of the indicated cells was analyzed using CCK-8 assay. (D) Inhibition of miR-182 promote the osteosarcoma cell proliferation. \*p\<0.05, \*\* p\<0.01, and \*\*\*p\<0.001.](pone.0121175.g002){#pone.0121175.g002}

Overexpression of miR-182 inhibited tumor migration and invasion {#sec020}
----------------------------------------------------------------

A wound-healing assay and invasion assay were performed to investigate the effects of miR-182 on the migratory and invasive behaviors of osteosarcoma cells in vitro. Our results demonstrated that cells in miR-182 mimics group exhibited significant declines in migration and invasion capacities compared with cells in the control group and scramble group respectively (Fig [3A](#pone.0121175.g003){ref-type="fig"} and [3B](#pone.0121175.g003){ref-type="fig"}). Conversely, miR-182 inhibitor significantly promoted the cell migration and invasion of the MG-63 cells (Fig [3A](#pone.0121175.g003){ref-type="fig"} and [3B](#pone.0121175.g003){ref-type="fig"}).

![Overexpression of miR-182 inhibited tumor invasion.\
(A) Wound-healing assay was employed to evaluate the migratory ability of MG-63 cells after treatment with miR-182 mimics, inhibitors or scramble or no transfection. Relative ratio of wound closure is shown on the right. (B) Invasion analysis were employed to evaluate the invasive ability of the MG-63 cells after treatment with miR-182 mimics, inhibitors or scramble or no transfection; the relative ratio of invasive cells per field is shown on the right, \*p\<0.05, \*\* p\<0.01, and \*\*\*p\<0.001.](pone.0121175.g003){#pone.0121175.g003}

MiR-182 directly targets the TIAM1 in osteosarcoma cells {#sec021}
--------------------------------------------------------

We found that the TIAM1 harbored a potential miR-182 binding site ([Fig 4A](#pone.0121175.g004){ref-type="fig"}). Luciferase reporter assays using 3'-untranslated region (3'-UTR) of TIAM1 gene further demonstrated that miR-182 mimics significantly reduced the activity of TIAM1 3'-UTR, but not the binding motif mutant one ([Fig 3B](#pone.0121175.g003){ref-type="fig"}). In agreement, miR-182 mimics significantly reduced the protein and mRNA abundance of TIAM1 in MG-63 cells (Fig [4C](#pone.0121175.g004){ref-type="fig"} and [4D](#pone.0121175.g004){ref-type="fig"}). Moreover, miR-182 inhibitor increased both the protein and mRNA levels of TIAM1 (Fig [4C](#pone.0121175.g004){ref-type="fig"} and [4F](#pone.0121175.g004){ref-type="fig"}), further indicating that TIAM1 was a target of miR-182 in osteosarcoma cells.

![miR-182 directly targets the TIAM1 in osteosarcoma cells.\
(A) The potential miR-182 binding site at the 3\'-UTR of TIAM1 mRNA was computationally predicted by Targetscan. (B) Cells were transfected with wild type 3\'-UTR reporter or mutant constructs together with 20 nM of miR-182 mimics or controls. Luciferase activity was normalized by the ratio of firefly and Renilla luciferase signals. (C) Relative expression of TIAM1 in the MG-63 cells transfected with miR-182 mimics or negative control or inhibitor. The expression of TIAM1 was normalized to GAPDH. (D) Western blot analysis of TIMA1 expression in MG-63 cells transfected with miR-182 mimics or negative control or untreat group. GAPDH was also detected as a loading control. (E) Western blot analysis of TIAM1 expression in MG-63 cells transfected with miR-182 inhibitor or negative control or untreat group. GAPDH was also detected as a loading control. \*\*\*p\<0.001.](pone.0121175.g004){#pone.0121175.g004}

Restoration of miR-182 inhibited TIAM1-induce osteosarcoma cell proliferation and invasion {#sec022}
------------------------------------------------------------------------------------------

The TIAM1 expression in osteosarcoma cell lines was assayed by qRT-PCR and western blot. The osteosarcoma cell lines (U2OS, MG-63, SOSP-9607, and SAOS-2) showed a higher TIAM1 mRNA and protein expression as compared with human osteoblast cell lines (hFOB) (Fig [5A](#pone.0121175.g005){ref-type="fig"} and [5B](#pone.0121175.g005){ref-type="fig"}). PcDNA-TIAM1 can enhance the TIAM1 protein expression using western blot ([Fig 5C](#pone.0121175.g005){ref-type="fig"}). TIAM1 significantly inhibited osteosarcoma cell proliferation and invasion (Fig [5D](#pone.0121175.g005){ref-type="fig"} and [5E](#pone.0121175.g005){ref-type="fig"}). When miR-182 mimics and pcDNA-TIAM1 were cotransfected into MG-63 cells, miR-182 expression significantly enhanced the TIAM1-induced osteosarcoma cell proliferation and invasion (Fig [5D](#pone.0121175.g005){ref-type="fig"} and [5E](#pone.0121175.g005){ref-type="fig"}).

![Restoration of miR-182 inhibits TIAM1-inducing osteosarcoma cell proliferation and invasion.\
(A) qRT-PCR analysis of TIAM1 expression in osteosarcoma cell lines (U2OS, MG-63, SOSP-9607, and SAOS-2) and human normal osteoblastic cell line (hFOB). The mRNA expression of TIAM1 was up-regulated in osteosarcoma cell lines. The expression of TIAM1 was normalized to GAPDH. (B) Western blot analysis of TIAM1 expression in osteosarcoma cell lines (U2OS, MG-63, SOSP-9607, and SAOS-2) and human normal osteoblastic cell line (hFOB). The protein expression of TIAM1 was up-regulated in osteosarcoma cell lines. GAPDH was also detected as a loading control. (C) The effects of pCDNA-TIAM1 on the expression of TIAM1 was detected by Western blotting. GAPDH was also detected as a loading control. (B) The cell growth in MG-63 co-transfected with either miR-182 mimic or scramble and 2.0 μg pCDNA-TIAM1 or pCDNA empty vector using CCK-8 proliferation assay. (C) The cell invasive in MG-63 co-transfected with either miR-182 mimic or scramble and 2.0 μg pCDNA-TIAM1 or pCDNA empty vector using invasion assay. \*p\<0.05, \*\* p\<0.01, and \*\*\*p\<0.001.](pone.0121175.g005){#pone.0121175.g005}

Discussion {#sec023}
==========

Osteosarcoma is the most common malignant bone tumor in childhood and adolescent and always results in an aggressive clinical course\[[@pone.0121175.ref004], [@pone.0121175.ref020], [@pone.0121175.ref021]\]. However, the molecular mechanism under osteosarcoma carcinogenesis and progression still remains to be explored\[[@pone.0121175.ref022]\]. Increasing evidence has indicated that deregulation of miRNAs was involved in the development of tumors, such as gastric cancer, breast cancer, hepatocellular carcinoma and osteosarcoma\[[@pone.0121175.ref023]--[@pone.0121175.ref028]\]. In this study, we showed that miR-182 expression was downregulated in osteosarcoma tissues and cell lines. Forced overexpression of miR-182 inhibited cell proliferation, migration, and invasion in MG-63 cells. We further revealed that TIAM1 was a target of miR-182 in osteosarcoma cells, and overexpression of miR-182 impaired TIAM1-induced promotion of proliferation and invasion in osteosarcoma cells. Moreover, TIAM1 was inversely correlated with miR-182 in osteosarcoma tissues. Therefore, our study identifies that miR-182 might be a tumor suppressor in the progression of osteosarcoma via targeting TIAM1.

Previous studies have indicated that miR-182 is frequently aberrantly expressed in various human malignancies, including gastric cancer, malignant pleural mesothelioma, ovarian carcinoma, prostate, bladder, lung, endometrial, colon and breast cancers, polycythemia vera, pediatric acute leukemia and melanoma\[[@pone.0121175.ref029]--[@pone.0121175.ref039]\]. MiR-182 functions as tumor-suppressor or oncogene in different human malignancies. The tumor suppressor function of miR-182 was shown in lung adenocarcinoma cells, where it inhibits the proliferation and invasion by targeting CTTN\[[@pone.0121175.ref040]\]. MiR-182 suppressed lung tumorigenesis by targeting RGS17 \[[@pone.0121175.ref039], [@pone.0121175.ref041]\]. In addition, the expression of miR-182 is up-regulated and functions as an oncogene in several human cancers such as melanoma, it promotes anchorage independent growth, invasion and metastasis\[[@pone.0121175.ref029]\]. In breast cancer, it targets FOXO1 together with miR-27a and miR-96\[[@pone.0121175.ref042]\]. In ovarian carcinoma, miR-182 promotes cell proliferation, invasion and chemoresistance by targeting programmed cell death 4 \[[@pone.0121175.ref043]\]. The overexpression of miR-182 is also up-regulated in colorectal cancer and is associated with adverse clinical characteristics and poor prognosis\[[@pone.0121175.ref044]\], and in hepatocellular carcinoma, it is correlated with metastatic behavior\[[@pone.0121175.ref036]\]. In the present study, we demonstrated that miR-182 was down-regulated in three four osteosarcoma cell lines and tissues. Moreover, restoration of miR-182 can reduce osteosarcoma cell proliferation and invasion. These results suggest that miR-182 might act as a tumor suppressor gene whose down-regulation contributes to the progression and metastasis of osteosarcoma.

In this study, target validation experiments showed that miR-182 efficiently bound to TIAM1 mRNA and inhibited TIAM1 expression. Overexpression of miR-182 inhibited TIAM1 mRNA and protein expression. Thus, our results suggest that reduced miR-182 expression may be a pivotal component in regulation of TIAM1 and osteosarcoma cell proliferation. Our findings reveal a previous unknown mechanism for miR-182-mediated regulation of cancer cell proliferation. However, the comprehensive understanding of the roles of miR-182 in regulating TIAM1 in various cancers needs further exploration.

Tiam1 gene, located on human chromosome 21, is a member of the guanine nucleotide exchange factor (GNEF) family. Tiam1 gene is found to be an important gene in various cellular functions, such as cell proliferation, adhesion, migration, invasion and metastasis\[[@pone.0121175.ref045], [@pone.0121175.ref046]\]. It has been reported that Tiam1 is up-regulated in T lymphoma, B lymphoma, pancreatic carcinoma, gastric cancer, breast and lung carcinoma\[[@pone.0121175.ref045], [@pone.0121175.ref047]--[@pone.0121175.ref051]\]. Overexpression of TIAM1 is considered to be a new potential or even an independent predictor of poor prognosis for clinical patients. Qi *et al* has shown a connection between Tiam1 overexpression and nasopharyngeal carcinoma\[[@pone.0121175.ref052]\]. Tiam1 has also been found to be significantly up-regulated in prostate carcinoma and to be a negative predictor\[[@pone.0121175.ref053]\]. Moreover, *Jin et al* demonstrated miR-218 acted as a tumor suppressor in osteosarcomas by down-regulating TIAM1, MMP2 and MMP9 expression\[[@pone.0121175.ref054]\]. However, the detailed mechanisms are still unclear. In this study, we identified TIAM1 as a direct and functional target of miR-182. We confirmed the overexpression of TIAM1 can promote osteosarcomas cell proliferation and invasion in vitro. Moreover, miR-182-mediated suppression of TIAM1 depended on the 3'-UTR. Finally, TIAM1-induced cell proliferation and invasion were reversed by miR-182. Taken together, these results establish a functional connection between miR-182 and TIAM1, and confirm that miR-182 can function as an anti-metastatic miRNA in osteosarcomas cells by targeting TIAM1. The ability of miR-182 to target TIAM1 may be one mechanism underlying the post-transcriptional control of TIAM1.

In conclusion, this study demonstrates that miR-182 functions as a tumor suppressor miRNA in osteosarcoma by suppressing TIAM1 expression. Importantly, the miR-182-TIAM1 axis identified in our study worth further investigation for therapeutic interventio for osteosarcoma.
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